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ABSTRACT
While traffic planning is important for developing a hurricane evacuation plan, vehicle
performance on the roads during extreme weather conditions is critical to the success of the
planning process. This study was designed to lay a foundation for modeling driving behavior
and vehicle performance as an assessment tool in the decision making process for planning
evacuation routes during hurricane and tropical storms. The study explores how the parameters
of a driving simulator could be modified to reproduce wind loadings experienced by three
vehicle types (a passenger car, an ambulance, and a bus) during gusty hurricane winds, through
manipulation of appropriate software. Thirty participants were then tested on the modified
driving simulator under five wind conditions (ranging from “wind-free” to hurricane category 4).
The driving performance measures used were heading error and lateral displacement. The results
showed that higher wind forces resulted in more varied and greater heading error and lateral
displacement. The ambulance had the greatest heading errors and lateral displacements, which
were attributed to its large lateral surface area and light weight. Mathematical models were
developed to estimate the heading error and lateral displacements for each of the vehicle types
for a given change in lateral wind force. Through a questionnaire, participants felt the different
characteristics while driving each vehicle type. The findings of this study demonstrate the
valuable use of a driving simulator to model the behavior of different vehicle types, and to
develop mathematical models to estimate and quantify driving behavior and vehicle performance
under hurricane wind conditions.
Keywords: Vehicle Performance, Driving Behavior, Driving Simulator, Hurricanes, Wind
Forces.
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CHAPTER 1. INTRODUCTION
Wind is the primary agent for two of the most destructive natural hazards on earth:
cyclones and tornadoes. Tropical cyclones that cause extreme destruction are rare, although
when they occur, they can cause great amounts of damage and thousands of fatalities. Katrina
was an extraordinarily powerful and deadly hurricane that carved a wide swath of catastrophic
damage and inflicted large loss of life. The total number of fatalities directly related to the forces
of Katrina is estimated to be about 1,500 spread across four states, with about 1,300 of these in
Louisiana, 200 in Mississippi, 6 in Florida, and one in Georgia. It was the costliest and one of
the five deadliest hurricanes to ever strike the United States (Knabb et al., 2005).
The need to understand the performance of people and transportation systems (bridges,
highways and vehicles) in windy environments has become apparent. Coastal states such as
Florida, Louisiana, Mississippi and Alabama have experienced capital losses and severe property
damages due to major hurricane events. While it is widely expected that the majority of
evacuations take place under the more benign weather conditions in the days that precede storm
landfalls, the variable nature of tropical weather systems can never assure that such will always
be the case. Data provided by the Federal Emergency Management Agency (FEMA) indicate
that during hurricane Katrina, over 1.2 million people along the northern Gulf coast from
southeastern Louisiana to Alabama were under some type of evacuation order, but it is not clear
how many people actually evacuated (Knabb et al., 2005). Hurricane Katrina awakened many
people to the fact that the risk of future hurricane induced large-scale disasters is real, whether in
New Orleans again or in any other coastal area. During such situations, a reliable transportation
route is key to maximizing the number of evacuees as well as for post-hurricane rescue efforts.
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While traffic planning is an important part of a hazard mitigation plan, driving behavior
and vehicle performance on the roads in such harsh environments are a crucial factor for the
planning process. This study utilizes a driving simulator to reproduce the wind loadings and
vehicle dynamics experienced by different vehicle types (passenger car, ambulance, and bus)
during gusty hurricane wind events. Thirty one participants were then tested in an experiment to
analyze their driving performance under different scenarios. The result is the development of
mathematical models that can be used to estimate and quantify driving behavior and vehicle
performance under hurricane conditions.
This study presents findings of an exploratory and untested novel idea on how driving
simulators can be utilized to investigate the effect of hurricane wind force conditions on driving
behavior. Findings of this study are to provide a basis for future research collaboration with
other disciplines, such as Structural Engineering, Transportation Agencies, and Emergency
Management Teams, on research into vehicle performance on roads during harsh hurricane and
tropical storm conditions.

1.1 Objectives
The main goal of this research study is to lay a foundation for modeling vehicle performance
during hurricane conditions that could be used as part of assessments to decide when evacuation
routes need to be closed during hurricane and tropical storm events. The specific objectives of
the study are to:
1. Investigate the typical wind forces patterns experienced during hurricane events.
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2. Investigate how to modify the parameters of the driving simulator to replicate vehicle
performance of typical vehicles used by the general public, i.e. passenger car, ambulance (for
emergency management teams), bus, and commercial truck.
3. Explore how to convert wind forces to gusty two dimensional wind loadings on vehicles
using the driving simulator.
4. Explore the relationship between the hurricane wind forces and the driving behavior among
the different vehicle types.

1.2 Scope
The research is exploratory and based on modifying the parameters of the LSU driving
simulator to represent the different vehicle types, so as to investigate the relationship between
hurricane wind forces and driving behavior. Wind forces and approach angles are simplified by
using trigonometric functions to convert them into lateral and longitudinal force components.
No complex computation is used to develop aerodynamic forces that vehicles experience in real
hurricane events. Mathematical models are developed for the relationships found.
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CHAPTER 2. LITERATURE REVIEW
This chapter is divided into three sections: the first section presents an elaborate overview
of typical wind forces experienced during hurricanes and tropical storms; the second section
highlights some studies on the effect of strong winds on people and vehicles; and the third
section presents an elaborate overview of the LSU driving simulator that was used for this study.

2.1 Hurricane and Tropical Wind Forces
Wind is the primary agent for two of the most destructive natural hazards on earth:
cyclones and tornadoes. Storm preparation, evacuation, and hazard mitigation depend
significantly on risk perception (Horney et al., 2010; Peacock et al., 2005) and effective policy
making and implementation necessitates understanding human perception of hazards and
associated risks (Slovic, 1987).
A tropical cyclone is defined as a rotating, organized system of clouds and thunderstorms
that originates over tropical or subtropical waters and has a closed low-level circulation (United
States Department of Commerce - NOAA. et al., 2012). Tropical cyclones strengthen when
water evaporated from the ocean is released as the saturated air rises, resulting in condensation of
water vapor contained in the moist air. The term "tropical" refers to the geographical origin of
these systems, and the term "cyclone" refers to their cyclonic nature. Tropical cyclones rotate
counterclockwise in the Northern Hemisphere, but clockwise in the Southern Hemisphere. While
tropical cyclones can produce extremely powerful winds and torrential rain, they are also able to
produce high waves, damaging storm surge, and tornadoes. They develop over large bodies of
warm water, and lose their strength if they move over land due to increased surface friction and
loss of the warm ocean as an energy source. This is why coastal regions can receive significant
4

damage from a tropical cyclone, while inland regions are relatively safe from receiving strong
winds (United States Department of Commerce - NOAA. et al., 2012).
Basic terminology in reference to wind and associated fluid forces must be defined in
order to eliminate confusion of closely related terms. The National Hurricane Center (NHC)
uses a 1-min averaging time for reporting the sustained (relatively long-lasting) winds. The
maximum sustained wind mentioned in the advisories that NHC issues for tropical storms and
hurricanes are the highest 1-min surface winds occurring within the circulation of the system.
These "surface" winds are those observed (or, more often, estimated) to occur at the standard
meteorological height of 10 m (33 ft) in an unobstructed exposure (not blocked by buildings or
trees). Since the inauguration of the Automatic Surface Observation System (ASOS) the
National Weather Service (NWS) has adopted a two-minute average standard for its sustained
wind definition. This is because the ASOS stations average and report their wind data over a 2min period. There is no conversion factor to change a 2-min average wind into a 1-min average
wind, and it is pointless to try to estimate the highest one-minute wind over a 2-min period, as
they are essentially the same(Powell et al., 1996).
A tropical storm is defined as a tropical cyclone with maximum sustained winds between
18 to 32 m/s (34 to 63 knots; or 39 to 73 mph) and a hurricane is a tropical cyclone with
maximum sustained winds of at least 33 m/s (64 knots; or 74 mph) (NOAA, 2013).
A wind gust is a sudden, brief increase in speed of the sustained wind. It is defined as a
few seconds (3 to 20 seconds) wind peak. Typically in a hurricane environment, the value of the
maximum 3-second gust over a 1-min period is on the order of 1.3 times (or 30% higher) than
the 1-min sustained wind (Powell et al., 1996). Gusts are reported when the peak wind speed
5

reaches at least 8 m/s (16 knots) and the variation in wind speed between the peaks and the lulls
is at least 5 m/s (10 knots). The duration of a gust is usually less than 20 seconds (NOAA,
2008).
The Saffir-Simpson Hurricane Wind Scale (SSHWS), shown in Table 1, is a 1 to 5 rating
based on a hurricane's sustained wind speed. Hurricanes reaching Category 3 and higher are
considered major hurricanes because of their potential for causing significant loss of life and
damage to property. Category 1 and 2 storms are still dangerous, however, and require
preventative measures (NOAA, 2012a). The scale, originally developed by wind engineer Herb
Saffir and meteorologist Bob Simpson, has been an excellent tool for alerting the public about
the possible impacts of various intensity of hurricanes (Saffir, 1973).
The scale provides examples of the type of damage and impacts in the United States
associated with winds of the indicated intensity (Pielke, 2008). It is also important to note that
peak 1-min winds in hurricane are believed to diminish by one category within a short distance,
perhaps 1 km of the coastline. For example, Hurricane Wilma made landfall in 2005 in
southwest Florida as a Category 3 hurricane. Even though this hurricane only took four hours to
traverse the peninsula, the winds experienced by most Miami-Dade, Broward, and Palm Beach
County communities were Category 1 to Category 2 conditions. However, exceptions to this
generalization are certainly possible. The scale does not address the potential for other
hurricane-related impacts, such as storm surge, rainfall-induced floods, and tornadoes.
The United States today averages 1,200 tornadoes a year. The number of tornadoes
increased dramatically in the 1990s as the modernized NWS installed the Doppler Radar
Network. The Fujita Scale is a well-known scale that uses damage caused by a tornado and
6

relates the damage to the fastest 1/4-mile wind at the height of a damaged structure. Due to
several weaknesses and misuses, the Enhanced Fujita Scale (EF-Scale), shown in Table 2, was
developed to replace the original Fujita scale.
Table 1 Saffir-Simpson Hurricane Wind Scale
Category

Sustained Winds

Types of Damage Due to Hurricane Winds

1

74-95 mph
64-82 knots
119-153 km/h
33-42 m/s

Very dangerous winds will produce some damage: Wellconstructed frame homes could have damage to roof, shingles,
vinyl siding and gutters. Large branches of trees will snap and
shallowly rooted trees may be toppled. Extensive damage to
power lines and poles likely will result in power outages that
could last a few to several days.

2

96-110 mph
83-95 knots
154-177 km/h
43-49 m/s

Extremely dangerous winds will cause extensive damage: Wellconstructed frame homes could sustain major roof and siding
damage. Many shallowly rooted trees will be snapped or
uprooted and block numerous roads. Near-total power loss is
expected with outages that could last from several days to
weeks.

3
(major)

111-129 mph
96-112 knots
178-208 km/h
50-58 m/s

Devastating damage will occur: Well-built framed homes may
incur major damage or removal of roof decking and gable ends.
Many trees will be snapped or uprooted, blocking numerous
roads. Electricity and water will be unavailable for several days
to weeks after the storm passes.

4
(major)

130-156 mph
113-136 knots
209-251 km/h
59-69 m/s

Catastrophic damage will occur: Well-built framed homes can
sustain severe damage with loss of most of the roof structure
and/or some exterior walls. Most trees will be snapped or
uprooted and power poles downed. Fallen trees and power poles
will isolate residential areas. Power outages will last weeks to
possibly months. Most of the area will be uninhabitable for
weeks or months.

5
(major)

157 mph or higher
137 knots or higher
252 km/h or higher
70 m/s or higher

Catastrophic damage will occur: A high percentage of framed
homes will be destroyed, with total roof failure and wall
collapse. Fallen trees and power poles will isolate residential
areas. Power outages will last for weeks to possibly months.
Most of the area will be uninhabitable for weeks or months.
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Table 2 Enhanced Fujita Scale for Tornado Damage
FUJITA SCALE

DERIVED EF SCALE

OPERATIONAL EF
SCALE

F
Number

Fastest 1/4mile (mph)

3 Second
Gust (mph)

EF
Number

3 Second
Gust (mph)

EF
Number

3 Second
Gust (mph)

0

40-72

45-78

0

65-85

0

65-85

1

73-112

79-117

1

86-109

1

86-110

2

113-157

118-161

2

110-137

2

111-135

3

158-207

162-209

3

138-167

3

136-165

4

208-260

210-261

4

168-199

4

166-200

5

261-318

262-317

5

200-234

5

Over 200

When using the EF-Scale to determine the tornado's EF-rating, users should begin with
the 28 Damage Indicators. Each one of these indicators has a description of the typical
construction for that category of indicator. Then, the next step is to find the Degree of Damage
(DOD). Each DOD in each category is given an expected estimate of wind speed, a lower bound
of wind speed and an upper bound of wind speed (NOAA, 2011). For example, if a tornado
moves through a neighborhood and walls are knocked down, the DOD indicator would be 2 if it
affected the brick veneer siding of the affected homes. The DOD would be 8 if most walls
collapsed in the bottom floor. Thus, the estimated winds would be 127 - 178 mph with the
expected wind speed of 152 mph. Now, taking this number to the EF-Scale, the damage would
be rated EF-3 with winds between 136 - 165 mph.
Officially, landfall of a storm happens when its center (the center of its circulation, not its
edge) crosses the coastline. Storm conditions may be experienced on the coast and inland hours
before landfall; in fact, a tropical cyclone can launch its strongest winds over land, yet not make
landfall. If this occurs, then it is said that the storm made a direct hit on the coast. As a result of
the narrowness of this definition, the landfall area experiences half of a land-bound storm by the
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time the actual landfall occurs. For emergency preparedness, actions should be timed from when
a certain wind speed or intensity of rainfall will reach land, not from when landfall will occur
(NOAA, 2013).
The Atlantic hurricane season runs from June 1st to November 30th, with an average of
11 named systems expected, 6 of which would be hurricanes and 2 of which would be of
category 3 or greater in strength. It includes the Atlantic Ocean, Caribbean Sea, and Gulf of
Mexico. The Eastern Pacific hurricane season runs from May 15th to November 30th.
Tropical cyclones that cause extreme destruction are rare, although when they occur, they
can cause great amounts of damage or thousands of fatalities. The 1970 Bhola cyclone is the
deadliest tropical cyclone on record, killing more than 300,000 people (Holland, 1993) and
potentially as many as 1 million (A. Lawson, 1999) after striking the densely populated Ganges
Delta region of Bangladesh on 13 November 1970. Its powerful storm surge was responsible for
the high death toll. The North Indian cyclone basin has historically been the deadliest basin
(Frank & Husain, 1971). Elsewhere, Typhoon Nina killed nearly 100,000 in China in 1975 due
to a 100-year flood that caused 62 dams including the Banqiao Dam to fail (Weyman &
Anderson-Berry, 2008). The Great Hurricane of 1780 is the deadliest North Atlantic hurricane
on record, killing about 22,000 people in the Lesser Antilles (Rappaport & Fernandez-Partagas,
1995). A tropical cyclone does need not to be particularly strong to cause significant damage,
primarily if the deaths are from rainfall or mudslides. Tropical Storm Thelma in November 1991
killed thousands in the Philippines, while in 1982 the unnamed tropical depression that
eventually became Hurricane Paul killed around 1,000 people in Central America (Gunther et al.,
1983).
9

Katrina was an extraordinarily powerful and deadly hurricane that carved a wide swath of
catastrophic damage and inflicted large loss of life. The total number of fatalities directly related
to the forces of Katrina is estimated to be about 1,500 spread across four states, with about 1,300
of these in Louisiana, 200 in Mississippi, 6 in Florida, and one in Georgia (Knabb et al., 2005).
It was the costliest and one of the five deadliest hurricanes to ever strike the United States.
Katrina is however surpassed by the Galveston, Texas hurricane in 1900 that claimed at least
8,000 lives, and by the 1928 Lake Okeechobee, Florida hurricane with over 2,500 fatalities. If
the assumption is correct that most of the Katrina-related fatalities were caused directly by the
storm, then Katrina ranks as the third deadliest hurricane in the United States since 1900, and the
deadliest in 77 years. Thousands of homes and businesses throughout entire neighborhoods in
the New Orleans metropolitan area were destroyed by flood. Strong winds also caused damage
in the New Orleans area, including downtown where windows in some high-rise buildings were
blown out and the roof of the Louisiana Superdome was partially peeled away (Knabb et al.,
2005).
Hurricane’s return periods are the frequency at which a certain intensity of hurricane can
be expected within a given distance of a given location. A return period of 25 years for
hurricane, for example, means that on average during the previous 100 years, a hurricane passed
within 93 km (58 miles) of that location about four times (NOAA, 2012b). The coast of
Louisiana has a return period of 7 to 14 years for a hurricane with sustained winds of 33 m/s (64
knots) or greater and a return period of 20 to 33 years for a major hurricane (Category 3 or
greater) with sustained winds of 50 m/s (96 knots) or greater according to the National Weather
Service (NOAA, 2012b).
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The importance to understand the performance of people and transportation systems
(bridges, highways and vehicles) in windy environments has become apparent. Coastal states
such as Florida, Louisiana, Mississippi and Alabama have experienced capital losses and severe
property damages due to major hurricane events. While it is widely expected that the majority of
evacuations would take place under the more benign weather conditions in the days that precede
storm landfalls, the variable nature of tropical weather systems can never assure that such will be
the case. Data provided by the Federal Emergency Management Agency (FEMA) indicate that
during hurricane Katrina, over 1.2 million people along the northern Gulf coast from
southeastern Louisiana to Alabama were under some type of evacuation order, but it is not clear
how many people actually evacuated (Knabb et al., 2005). A reliable transportation route is key
to maximizing the number of evacuees as well as for post-hurricane rescue efforts. However,
while traffic planning is an important part of a hazard mitigation plan, vehicle performance on
roads in such environments becomes a crucial factor that merits attention in the planning process.

2.2 Effect of Strong Wind Forces
2.2.1 Effect of Strong Wind Forces on People
Several studies have been done regarding the effect of wind on people and even what
most would consider a “light wind” could have detrimental effects. It should be considered that
the force exerted by the wind is proportional to the square of its speed when evaluating wind
effects (Sheets & Williams, 2001). However, obstacles easily channel and deflect wind, which
may produce extreme variations (Brinkmann, 1975). A study undertaken by Penwarden (1973)
noted that when a sustained wind speed of as low as 5 m/s (11 mph) has been considered as the
“onset of discomfort”, performance is not affected until wind speed reaches 10 m/s (22 mph)
11

(Penwarden, 1973). The same study reported that winds of 15 m/s (34 mph) affected control of
walking and 20 m/s (44 mph) were proved to be dangerous. A more recent study stated that
winds of 21 to 24 m/s (47 to 54 mph) created significant difficulty walking and working, and
could knock a frail person to the ground (Durgin, 1990). Later on, Chaston (1996) described that
in a 31-m/s (70-mph) wind, an average person should lean 45 degrees to avoid being blown to
the ground, at 36 to 45 m/s (80 to 100 mph) the person would not be able to walk without
holding to a rail, and at 58 m/s (130 mph) the wind would lift the average person off the ground
(Chaston, 1996).
On the other hand, experiments have shown that pedestrian comfort depends not only on
the sustained wind speed but also in its gustiness. Both the speed difference between the
sustained wind and the gust, and the duration of the gust should be considered (Hunt et al.,
1976). Gusts lasting more than 3 seconds may create unacceptable conditions for pedestrians (T.
V. Lawson & Penwarden, 1975), at wind speeds of 24 m/s (54 mph); gusts lasting for as little as
two seconds could knock a person down (Melbourne, 1978); and gusts of as little as 8 m/s (18
mph) could pull items from peoples’ hands (Williams et al., 1990).
Recent research suggests that the average person overestimates higher wind speeds (they
perceive 27-m/s (60-mph) winds to be 34 m/s (75 mph)), but this relationship is moderated by
individual differences in storm exposure (Agdas et al., 2012). . For each additional tropical
cyclone experienced, people made more accurate wind speed estimates on average. This
suggests that exposure to real storms may help calibrate people's perceptions regarding higher
wind speeds. The findings indicated that people who have not experienced sustained tropical
storm or hurricane-force winds are more prone to overestimating wind speed, which may
12

negatively affect their decision-making about preparation and evacuation. A major civil problem
with government-issued evacuations is the phenomenon of “shadow evacuation,” in which
people who do not need to evacuate chose to do so anyway, thereby unnecessarily exacerbating
traffic along evacuation routes, and filling limited spaces in shelters and hotel rooms (Stein et al.,
2011).
2.2.2 Effect of Strong Wind Forces on Vehicles
Various studies have been done on the effects of wind on vehicles. Fujita (1979)
calculated that a wind speed of 39 m/s (87 mph) at 5 m above the ground was required to “slide”
a 1,090-kg (2,400-lb) car off its resting position. However, unanchored cottages and mobile
homes “slid” off their foundations at a wind speed of only 32 m/s (72 mph) (Fujita, 1979). Later,
it was reported that the threshold wind speeds needed for a “weightless state” for a 1,815-kg
(4,000-lb) car and 17,780-kg (39,200-lb) mobile home were 51 m/s (114 mph) and 40 m/s (88
mph), respectively (Grazulis, 1993). Schmidlin et al. (1998) evaluated that vehicles (cars,
minivans, vans, pickups and SUV’s) parked outside houses and struck by tornados were moved
(more than 1 m) or tipped over by the wind. Vehicles were parked within 10 m of houses and
data were collected from 7 tornados in a period of 5 years. They stated that at sites with F1
(wind speeds of 33 to 50 m/s or 73 to 112 mph) or F2 (wind speeds of 51 to 70 m/s or 113 to 157
mph) damage to the house, 28% of vehicles were moved and only 4% were tipped over.
However, at F3 (wind speeds of 71 to 92 m/s or 158 to 206 mph) or F4 (wind speeds of 93 to 121
m/s or 207 to 260 mph) sites, half of the vehicles were moved and 18% were tipped over. The
percentage of high-profile passenger vehicles (pickups, vans, and SUVs) moved or tipped over
was not significantly different to that of the automobiles (T. W. Schmidlin et al., 1998).
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To complement this field work, Schmidlin et al. (2002) embarked on wind tunnel testing
of vehicle stability in severe winds. They examined the relationship between specific wind
speeds and vehicle stability by testing models of vehicles in the controlled environment. Their
main objective was to find the wind speed to tip, roll, or lift vehicles at a variety of wind angles
on the vehicles. Two vehicle types were used: a mid-size sedan and minivan and two models
were built to represent them. The sedan and the minivan responded similarly and both were
found to be most vulnerable to upset at angles of 45° and 135° (angles at which the least wind
was necessary to cause upset). The minimum wind speed to upset the sedan was 58 m/s (130
mph) with an angle of 40° at which the rear wheels lifted. Rolling occurred with winds from the
side of 80 to 100 m/s (180 to 224 mph) and also with winds of 72 m/s (161 mph) at an angle of
135°. At all other angles rolling occurred at wind speeds of 58 to 67 m/s (130 to 150 mph). The
minimum wind to upset the minivan was about 65 m/s (145 mph) with an angle of 45° which
caused the vehicle to initiate roll. Lifting of the rear wheels occurred with side winds (60° to
120°) at about 80 m/s. A second vulnerable wind angle occurred at 130° which caused rolling
when the wind speed was 69 m/s (154 mph) (T. Schmidlin et al., 2002). The tunnel test results
were consistent with those found in the field work concluding that the range of wind required to
upset those popular vehicle styles is estimated at 75 to 120 m/s (167 to 267 mph) or F3 to F4
wind speeds on the Fujita Scale. However, tornadoes with maximum intensity of F3 or greater
are rare accounting for only about 7% of all tornadoes (Grazulis, 1993).
Saiidi and Maragakis (1995) made a similar approach when they evaluated minimum
wind speeds to overturn common motor vehicles. They stated that due to their low profile and
aerodynamic design, automobiles were unlikely to be affected under critical wind loads and only
results for high profile vehicles were reported. Minimum overturning wind speeds
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(perpendicular to the vehicle) were 24 m/s (53 mph) for a 5.5-m travel trailer, 29 m/s (65 mph)
for a 9-m mobile home, 15 m/s (33 mph) for a 13,600-kg semi-trailer, and 45 m/s (101 mph) for
a 5-m camper van (Saiidi & Maragakis, 1995).
In their representative work, Baker et al. made several studies on the performance of
high-sided vehicles in crosswinds on roads (Baker, 1986, 1987, 1991a, 1991b, 1994; Baker &
Reynolds, 1992; Coleman & Baker, 1990). In his early work, Baker proposed a fundamental
equation for wind action on vehicles (Baker, 1987, 1991a, 1991b). Baker also reported that the
“accident wind speed” (wind speed at which accident criteria is exceeded) was a function of the
vehicle speed and the wind direction (Baker, 1986). Then, through adoption of meteorological
information, Baker made a quantification of accident risk by calculating the percentage of total
time for which this wind speed (“accident wind speed”) is exceeded (Baker, 1994). In addition,
Baker et al. (1990) performed wind tunnel tests to determine the wind forces on vehicles
(Coleman & Baker, 1990) and provided some useful statistics about actual accidents in Britain
caused by the effect of wind forces on vehicles. They reported that overturning accidents were
the most common type accounting for 47% of the total while course deviation was 19%. In
addition, 66% of the accidents involved high-sided vehicles (Lorries or Vans) and only 27%
involved passenger cars. For those locations, an assessment of accidents site revealed that the
maximum gust wind speed during the hour of each accident was generally (90% of all accidents)
above 20 m/s (Baker & Reynolds, 1992).
Vehicles on bridges were more vulnerable to cross wind gusts than those on roads.
However, very little statistical data of accidents on bridges have been collected (Baker &
Reynolds, 1992). When vehicles enter the bridge they experience a sudden strengthened
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crosswind that is generally greater than that experienced on the road. This is magnified when the
road has hills, trees or bushes on both sides. While by setting a driving speed limit and criteria to
close bridges/highways during windy period can reduce accidents, decisions in the past have
been mostly made by intuition or subject experience (Irwin, 1999). Chen and Cai (2004)
performed an accident assessment of vehicles on long-span bridges in windy environments. They
reported that setting a driving speed limit would decrease the likeliness of accident occurrence.
However, in high wind speed conditions, some vehicles should not be on the bridge no matter
what the speed limit is. In addition, the study suggests a wind speed of 32 m/s (72 mph) as the
critical wind speed based on a numerical simulation (Cai & Chen, 2004).
When a hurricane hits a municipality, the fire and rescue department plays a very active
role in helping with preparation, evacuation, and recovery tasks. Consequently, fire departments,
as well as law enforcement personnel and vehicles might have to be on the road even when the
safety of the vehicles may be compromised because of high wind speed. If accidents happen
frequently during evacuations, the evacuation process could be delayed and the safety of those
who can evacuate may be compromised (Cai & Chen, 2004). Therefore, it is important to
evaluate the threshold wind speed beyond which vehicles (especially emergency response
vehicles) should not be allowed to operate. Some fire and rescue departments do not allow
vehicles on the road with sustained winds of 15 m/s (35mph) while others may use a wind speed
of 20, 25 or even 70 m/s (45, 55, or 60 mph) to stop operations. These wind speed limits vary
from department to department because of lack of scientific criteria to base the decision.
Pinelli et al. (2004) evaluated wind effects on emergency response vehicles using a wind
tunnel test. The study considered three basic emergency response vehicles: a fire truck, a box16

style ambulance and sport utility vehicle (SUV). Their study stated that due to configuration, the
ambulance displayed the lowest wind force threshold. For a range of vehicle speeds between 12
and 25 m/s (27 and 55 mph), the wind speed required to cause a course deviation decreased from
21 to 15 m/s (48 to 34 mph). In addition, the ambulance was at risk of overturning for wind
speeds above 40 m/s (90 mph), which could be delayed to about 45 m/s (100 mph) if the vehicle
is driven slowly. However, overturning can occur with a lower wind speed if it is associated
with a previous violent course deviation. For a fire truck, the wind speed required to cause a
course deviation decreased from 31 to 28 m/s (70 to 64 mph) and overturning due to high wind
speeds was considered to be unlikely to occur before a violent course deviation. Their analysis
of the SUV, on the other hand, displayed intermediate tolerances. For the same range of vehicle
speeds, the wind speeds required to cause a course deviation and overturning were around 34 m/s
(77mph) and 61 m/s (138 mph), respectively. In conclusion, they recommended that decisionmakers should consider wind speed to determine safe driving conditions (Pinelli et al., 2004).
While the majority of evacuations are expected to happen under the more benign weather
conditions in the days that precede storm landfalls, the variable nature of tropical weather
systems can never assure that such will be the case. In many prior instances, evacuations have
taken place well into the onset of storm force winds and rain, which demonstrates the need to
keep open such critical evacuation routes as long as can be considered safe for people to
evacuate (Chen & Cai, 2006). However, most transportation and emergency management
officials responsible for the coordination of evacuations are working in a virtual knowledge
vacuum when it comes to criteria for closure of such routes. For the most part, the criteria used
are based on subjective judgment and experience rather than quantitative scientific data from
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analysis or testing / experimentation. Most highway agencies agree that the closure criteria must
be based on a more comprehensive assessment of the conditions at the local facility level.

2.3 The LSU Driving Simulator
The LSU Driving Simulator consists of a full-size passenger car modeled after a Ford
Focus automobile, combined with a series of cameras, projectors and screens to provide a high
fidelity virtual environment.
Figure 1 shows pictures of the driving simulator against a projected virtual environment,
and some of its series of computer screens.

Figure 1 LSU Driving Simulator System
The first two computers are used to control the simulation, the middle one screens the
image that is being captured by the cameras, and the last two are used for data analysis. The
simulator comes equipped with automated sensing devices and subsystems that gather data such
as engine RPM (revolutions per minute), heading error, vehicle speed, acceleration, trajectory
offset, braking, vehicle position, etc. from the driver’s perspective. Also included are digital
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cameras installed within the vehicle. The video from these cameras is also linked to the
application software, SimObserver, and is time-referenced with the sensing data.
Figure 2 shows a still image captured from the video feed from the four cameras which
are positioned in such a way as to capture the participant’s face for facial expressions and
direction of view, participant’s hands so any actions can be observed, the road ahead so
participant’s behavior can be correlated, and the pedals so participant’s reactions on accelerating
or braking can be observed.

Figure 2 Still Image Captured from Video Feed
Researchers can use the video to determine a driver’s reaction to a stimulant or change
and visually verify a driver’s behavior during a run.
The driving tests can be changed based on weather conditions, roadway surfaces,
environments, obstructions, distractions, and other options which can be built into the virtual
environment by the application software Internet Scene Assembler and SimVista. Files created
using this integrated software are called data files and have “.in” extensions.
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Figure 3 shows a snapshot of different environments: an urban setting, and freeway
settings with rain, fog and snow (not obvious from still image). The dynamics of the simulator
itself can be modified by the application software SimCreator, a graphical simulation and
modeling system.

Figure 3 Sample of Driving Environments
This software is capable of generating complex real time simulation models using power
flow-style modeling methods and allows for the data files created with Internet Scene Assembler
to be loaded as input connectors. Files created with SimCreator are known as model files and
have “.cmp” extensions.
In addition to the data files and model files, there exist the JavaScript files with a “.js”
extension. This is a lightweight, interpreted programming script with object-oriented capabilities
with its core language resembling C, C++ and Java. It can be used to call up functions during the
simulation to either control aspects of SimCreator (e.g. subjecting the simulator to various wind
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forces) or control aspects of the simulated environment (e.g. creating various intensities of rain,
fog or snow).
To run experiments using the simulator, the Experimenter Interface is launched. Figure 4
shows a snapshot of this interface. The appropriate model and data files are loaded from the
computers that control the simulation. The run length is the duration the simulated environment
is to run. The experiment name, participant and drive ID are chosen so that collected data can be
easily attributed to a participant and an experiment. The data is stored to a specific folder and
the ‘distributed’ option allows the simulated environment to be projected onto the projector
screens. The ‘SimObserver’ option allows the video recording to be triggered upon the
simulation loading up.

Figure 4 Experimenter Interface
The simulator also has an audio software and hardware so that the participant can drive
with engine sound, tire sound and noise from the vehicle. The driving process almost mirrors the
realistic driving task of an actual vehicle. Participants have to put the car in motion, use mirrors
for better visual awareness, and react to other vehicles in traffic. The simulator also reacts to
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changing dynamics of the vehicle. In other words accelerating the simulator vehicle results in it
moving forward, applying the brakes makes it lean backward. Participants driving the simulator
can sense a combined pitching motion as well as a forward and rearward motion. One negative
side effect of the simulator is motion sickness. Some researchers discourage the use of simulator
by participants that suffer from balance disorders such as vertigo and dizziness.
Vehicle performance in harsh windy environments, especially during dynamic, gusty,
intermittent wind loadings experienced during hurricane events, is an extremely important safety
consideration and should be taken into account in any route closure assessment. As mentioned in
this literature review, few and limited studies have been carried out in terms of vehicle safety in a
windy environment and one of these studies utilized the dynamic, gusty and intermittent wind
loadings experienced under hurricane conditions. Schmidlin et al. (2002) undertook the closest
study where they investigated the possibility of vehicles overturning in stationary conditions
during hurricane winds. However, long before the stability of a vehicle (to overturn) becomes a
factor, the ability of a vehicle to retain a relatively straight path forward becomes an issue. It is
worthwhile to determine when vehicles will begin to find it difficult to remain in their lanes due
to dynamic, gusty and intermittent hurricane winds. This study explores reproducing sample
hurricane winds in two dimensions (side thrusts and longitudinal loadings) by utilizing a driving
simulator to mimic real life situations. Future research will build on the findings of this study to
investigate vehicle performance subject to harsh hurricane wind conditions.
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CHAPTER 3. METHODOLOGY
Two different tests were executed in this study: a pilot test and the main experiment. This
chapter describes how the dynamics of the driving simulator was modified to make the vehicle
behave as a different vehicle type in the virtual environment; how the wind forces acting on the
vehicles were calculated; how the sustained winds and gusts were designed and introduced into
the SimCreator model of the driving simulator; and finally how the data were analyzed to detect
the effect of the wind loadings on the driving behavior for both, the pilot test and the main
experiment.

3.1 Modification of Dynamics of LSU Driving Simulator
Four different vehicle types were initially evaluated and exposed to sustained and gusty
wind forces: a passenger car (CAR), a bus (BUS), an 18-wheeler truck (TRU), and an ambulance
(AMB). The dimensions selected for the passenger car were taken from an average sedan.
Those for the bus and for the ambulance were chosen from an average intercity bus and from an
average box-type ambulance, respectively. On the other hand, the dimensions for the truck were
taken from the federal size regulations for commercial motor vehicles.
Table 3 summarizes all the dimensions and areas utilized for the wind force calculations
described in the next section. SimVehicleLT™ was used to create different vehicle profiles using
the GUI (Graphic User Interface) editing system. This system uses “.NET” technology and an
excel spreadsheet to create the models needed as shown in Figure 5. According to the vehicle’s
number of axles and characteristics (mass, suspension, aerodynamics, brake data, etc.) a data file
was generated and loaded into the simulator for every vehicle type to make it represent its
behavior.
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Table 3 Dimensions and Areas of the Four Vehicle Types
Area
Height
(m)

Length
(m)

Width
(m)

Weight
(kg)

Front/Back
(m2)

Lateral side
(m2)

CAR

1.41

4.63

1.82

1318

2.57

4.90

BUS

3.18

13.72

2.60

15909

8.27

43.63

TRU

4.15

25.00

2.60

36364

9.10

73.79

AMB

2.64

6.91

2.34

4545

6.18

16.72

Figure 5 SimVehicleLT™, GUI Editing System
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3.2 Calculation of Wind Forces
When calculating the wind forces acting on the vehicle, the force (F) was assumed to be
uniform over the whole area (side, front or back of the vehicle) and regarded as equivalent to a
single force acting at the centroid of that area. The volume of air striking the side of the vehicle
each second is (𝑉𝐴) cubic meters, where V is the velocity of the wind perpendicular to the
surface and A is the surface area. If the density of the air is ρ and assumed as 1.3 kg/m3, then the
mass of air stopped by the side of the vehicle each second will be 𝑉𝐴𝜌 kilograms. Since linear
momentum is the product of mass and velocity, the momentum overcome each second is
𝑉𝐴𝜌 𝑉 =    𝑉 ! 𝐴𝜌, which is also the wind force (F) in Newton.
Figure 6 shows a graphical depiction of Hurricane Katrina in 2005. It shows the different
directions in which the wind forces are acting, and portrays that complex computation is required
to develop aerodynamic forces that vehicles will experience in real hurricane events.
Trigonometric functions were used to convert the calculated wind forces together with typical
approach angles to lateral (sides) and longitudinal (front or back) force components. Therefore,
if the wind force hits the surface with speed U and an angle 𝜃, then the wind velocity
components will be 𝑈𝑠𝑖𝑛𝜃 and 𝑈𝑐𝑜𝑠𝜃, according to the area and the approaching angle. Thus,
the component wind forces acting on the vehicle were calculated as follows:
Longitudinal loading:
𝑭𝒚 = (𝑼𝒔𝒊𝒏𝜽)𝟐 𝑨𝒚 𝝆

(1)

Lateral loading:
𝑭𝒙 = (𝑼𝒄𝒐𝒔𝜽)𝟐 𝑨𝒙 𝝆

(2)
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The component 𝐹! corresponds to the force applied to either the back or the front of the
vehicle (𝐴! ) and 𝐹! is the component applied to the side of the vehicle (𝐴! ). Longitudinal forces
were considered positive when they were pushing the vehicle forward and negative when they
were pushing the vehicle backwards. Lateral forces were considered positive when the vehicle
was pushed to the left and negative when pushed to the right. The above calculations were based
on a rigid vehicle, situated on a horizontal road surface and subjected to steady and gusty wind
forces. As has been stated, in practice, the flow of air around a vehicle is far more complex than
that assumed here.

Figure 6 Hurricane Katrina 1200 UTC 29 AUG 2005. Max 1-min Sustained Surface Winds
(knots)
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3.3 Design of Sustained Winds and Gusts
The sustained wind speeds used for the study were taken from the Saffir-Simpson
Hurricane Wind Scale for all hurricane categories (1 to 5) as shown in Table 1. Two wind
speeds were selected (the lower bound and the midpoint value) for every hurricane category.
These winds are those observed (or, more often, estimated) to occur at the standard
meteorological height of 10 m (33 ft) in an unobstructed exposure (not blocked by buildings or
trees) (NOAA, 2008). However, they were converted to wind speeds on a vehicle about 1 m
above the ground with the following equation:
𝑼𝟏 = 𝑼𝟐 𝒍𝒏

𝒛𝟏

𝒛𝟎 /𝒍𝒏  (

𝒛𝟐

𝒛𝟎 )

(3)

Although the wind profile in the lowest layers is uncertain, the log law wind profile in the
equation is commonly used to estimate wind speed 𝑈! at height 𝑧! from known wind speed 𝑈! at
height 𝑧! using a roughness length 𝑧! (Stull, 1988, 1995). With 𝑧! of 0.25 m for an open
suburban environment with many trees and some buildings (Stull, 1988), the wind speed at 1-m
height is estimated to be about 0.38 of the wind speed at 10-m height. In a prairie or farm field
environment, 𝑧! becomes 0.01 m and the wind speed at 1-m height is about 0.67 of the wind
speed at 10-m height; this was the one used for the calculations of the sustained wind speeds.
Typically in a hurricane environment, the value of the maximum 3-second gust over a 1min period is in the order of 1.3 times (or 30% higher than) the 1-min sustained wind (Powell et
al., 1996). Thus, the gust speeds applied to the vehicles were those corresponding to 1.3 times
the selected sustained wind speeds.
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Different approach angles were used to evaluate the effect of the selected winds on the
vehicles and to determine the lateral and longitudinal force components. Angles, measured
starting from the back of the vehicle (0°) in increments of 30° going around the vehicles to
complete a total 360°, were selected to evaluate all possible scenarios.
3.3.1 Wind-Gust-Angle Table frames
Since the possibilities for hurricane category, approaching angle, and wind gust on every
vehicle type were too many for the scope of this study, several table frames were developed to
choose random combinations. Five different table frames were created for every vehicle type
(one per hurricane type) including the sustained wind speeds, their respective gust, and the
approaching angles in increments of 15° starting from 0 to 360°. An example of a table frame
developed for the Bus vehicle type under hurricane category 2 (HC2) conditions was added at
the end of this thesis in Appendix A.
3.3.2 Modification of Javascript File in SimCreator
As noted in the background section, the “.cmp” model files, “.in” data files, and “.js”
JavaScript files work together during any simulation event. The “.cmp” files are in charge of the
driving simulator vehicle in that they manage all the processes related to the vehicle performance
during the simulation. The “.in” files manage the scenario and handle the environment of the
vehicle. The “.js” files are used to alter vehicle and scenario characteristics though JavaScript
program. For the purpose of this study, a “.js” file was developed to manage the sequence and
magnitude of the wind forces applied to the vehicle. In this file, the different sets of randomly
selected wind forces were added in certain intervals to simulate their effect on the vehicle.
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Figure 7 describes an example of a wind force cycle used in the simulation process for
the passenger car during the main experiment. As it is shown in the screenshot of the JavaScript
file, the variable delta collects the real time data in seconds from the scenario while the
simulation is taking place.

Figure 7 Screenshot of the Passenger Car JavaScript File
The vector SimCreator.WindForce.SignIn[1] represents longitudinal forces while
SimCreator.WindForce.SignIn[0] represents lateral forces. The magnitudes of the forces are
assigned to that position of the vector. For example, in the JavaScript file shown, for the first 50
seconds (delta < 50), the vehicle was not affected by any type of wind since both
SimCreator.WindForce.SignIn [0] and [1] were equal to zero.
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Then, for the following 20 seconds (50 < delta < 70), the vehicle received a longitudinal
force of -1,164 N and a lateral force of 2,468 N. After those 20 seconds, the gust wind for the
previous sustained wind was applied to the vehicle for the following 5 seconds (70 < delta < 75).
In the same way, all the randomly selected forces were applied to the vehicle in the designated
time intervals.
For the pilot test, a different “.js” file was created for every vehicle type (4 vehicles) and
for every hurricane category (5 categories) for a total of 20 “.js” files. For the main experiment,
however, only three “.js” files were created (one for every vehicle type) since the experiment
designed was changed according to the results found in the pilot test.

3.4 Human Subject Recruitment
3.4.1 Pilot Test
Sixteen participants were recruited from the LSU students, staff, and faculty body aged
between 19 and 49 years of age, and consisting of eight females and eight males. They were all
of good general health, and were active drivers with a valid driver’s license. Two of the
participants exercised their right to withdraw from the experiment because they experienced
simulator sickness at certain stages of the experiment. To randomize the experiments,
participants were assigned a hurricane type category in the order in which they were recruited.
3.4.2 Experiment
Thirty-one participants aged between 19 and 34 years of age, and consisting of eleven
females and twenty males were recruited from the Louisiana State University. They were all of
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good general health, and were active drivers with a valid driver’s license. One of the participants
exercised their right to withdraw from the experiment because of simulator sickness.
All participants for both, the pilot test and the main experiment, signed a consent form
approved by LSU’s Institutional Review Board before participating in the experiments. A copy
of this consent form is included in Appendix B.

3.5 Scenario
Through manipulation of appropriate software (SimVista and SimCreator), the scenario
was developed with specific conditions for both, roadway and weather, to minimize the effect in
driving behavior. The test route consisted of a divided four lane straight road as per NHTSA
(National Highway Traffic Safety Administration) guidelines. It had solid white lines on the
outside edges, dashed white lines separating the two lanes that go in each direction, and a flat
grade with a speed limit of 60 mph.
There were no cultural features on these roads such that there will be minimal external
distracting effect from the surroundings as the emphasis was purely to test the wind effect on
driving performance. Participants were asked to drive as they would normally do on their way to
work but to follow a lead vehicle in the simulated environment. No vehicles (other than the lead
vehicle), or pedestrians were part of the scenario.
The weather selected for the study was a cloudy day with no rain, lighting or thunders.
Although the wind forces were designed to affect the vehicle during the test, the wind had no
effect on the environment surrounding the test vehicle (buildings, trees, etc.).
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3.6 Experiment Procedure
3.6.1 Pilot Test
As described earlier, the dynamics of the driving simulator was modified to allow its
vehicle components to behave like a passenger car, ambulance, bus, and commercial truck.
Wind forces, consisting of sustained winds and intermittent gusts, were converted to two
dimensional forces and applied to the different vehicle types so the effect on the driving behavior
of test subjects may be observed. Each participant was tested on each of the four vehicle types
under one wind condition. Six different wind conditions were tested (“wind-free” to hurricane
category 5). Participants were tested either under a “wind-free” condition, or under one of the
five possible hurricane categories (categories 1 to 5). Table 4 shows the experimental conditions
tested, and the number of participants tested for each category.
Table 4 Experimental Conditions Tested for the Pilot Test
Wind Category

CAR

AMB

BUS

TRU

Category 0 (“Wind-free”)

1

2

3

4

No. of
Participants
Tested
4

Hurricane Category 1

5

6

7

8

2

Hurricane Category 2

9

10

11

12

2

Hurricane Category 3

13

14

15

16

2

Hurricane Category 4

17

18

19

20

2

Hurricane Category 5

21

22

23
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The pilot test consisted of four stages and lasted approximately forty-five minutes. The
first part was the introduction in which participants were briefed on the experiment, and asked to
sign the Consent Sheet. Participants were then asked to randomly arrange a selection of cards to
determine the order of the four vehicle types they were tested on. The wind category was
assigned to participants in the order in which they were recruited.
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The second part comprised the training stage. Participants were allowed to operate the
driving simulator until such time that they felt they had adapted to the controls and displays of
the vehicle. For the “wind-free” condition, this was done for only the passenger car type as the
objective for this category was to get participants to observe the difference in the vehicle types.
For hurricane categories 1 to 5, the training was done with all the vehicle types (CAR, BUS,
TRU and AMB).
The third part consisted of the test drive. Participants were asked to drive in the right
lane only and initially accelerate to 50 mph. A lead vehicle was in front of their vehicle and
moved as soon as they started accelerating. Throughout the test, participants were asked to
follow the lead vehicle at what they considered to be their safe and customary following
distance.
For hurricane categories 1 to 5, the vehicle was exposed to several wind forces mainly
selected at random except for a 90°-wind force and its gust that were applied at the middle of
every vehicle phase to test the worst possible case. A phase, normally lasting about five minutes,
refers to driving a particular vehicle type. After the end of a phase, participants were asked to
pull over the hard shoulder, and then the experiment repeated with another phase until all four
vehicle types had been driven. Table 5 shows the duration and order in which the wind forces,
constituting the sustained winds and gusts, were imposed on the different vehicle types for the
pilot test.
The final part consisted of answering a short questionnaire. Questions included personal
detailed information such as age and driving experience. Other information obtained included
qualitative assessment of participant’s experience during the experiment. The questions were
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designed so as to obtain subjective details of participants’ assessment of the level of realism that
the driving simulator replicated the various vehicle types. A full version of the questionnaire
used in the pilot test can be found in Appendix C.
Table 5 Distribution of Wind Forces on the Driving Simulator for the Pilot Test
Order

Time (s)

Condition

1

15

No wind

2

50

Randomly selected sustained wind & gust

3

5

No wind

4

50

Randomly selected sustained wind & gust

5

5

No wind

6

50

90° sustained wind & gust

7

5

No wind

8

50

Randomly selected sustained wind & gust

9

5

No wind

10

50

Randomly selected sustained wind & gust

11

15

No wind

3.6.2 Lessons Learned
Few things were learned from the pilot test. First, the results of the pilot test showed that
participants found it very difficult to control the truck, with all participants losing control from
HC1 conditions. Thus, only three vehicle types (the passenger car, the ambulance and the bus)
were tested for the main experiment. Secondly, it was not considered realistic that participants
driving under hurricane wind conditions would face winds with speeds of only one hurricane
category type. As shown in Figure 6, although the maximum sustained wind describes the
hurricane category (generally located near the core of the hurricane), the magnitude of the wind
speed decreases as one gets away from the core of the hurricane. For this reason, a new sequence
of wind distributions was developed so that participants would face all the wind conditions while
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driving each vehicle type. Lastly, participants complained about the length of the experiment.
By removing the 18-wheeler truck from the vehicle types and redesigning the experiment so
participants had to drive each vehicle type under all wind conditions, the duration of the main
experiment was shortened by about 15 minutes.
3.6.3 Experiment
For the main experiment, each participant was tested on each of the three vehicle types
(the passenger car, the ambulance and the bus) and drove under all wind conditions (from “windfree” conditions to hurricane category 4). As it was for the pilot test, the main experiment
consisted of four stages. However, it lasted only 30 minutes. In the same way, participants were
briefed on the experiment, asked to sign the Consent Sheet and asked to randomly determine the
order of the vehicle types to drive using cards. Then, participants were allowed to operate the
driving simulator until they felt adapted to the controls and displays of the vehicle.
The third part consisted of the test drive. Participants were asked to initially accelerate to
50 mph, drive in the right lane only, and follow a lead vehicle at what they considered to be their
safe following distance. The lead vehicle was in front of their vehicle at all times and moved as
soon as they started accelerating. For every vehicle, participants were exposed to a specific
wind-force phase designed to last 415 seconds total. This phase started with 50 seconds of
“wind-free” conditions (NOWIND) followed by five 75-second cycles of hurricane conditions
(one per every hurricane category), progressively from category 1 to category 5 wind-force.
Because participants were subjected to multiple tests, it is noted that it would have been better
from the perspective of randomness to mix the wind-force conditions (and not to make it
progressive) so as to cancel out any learning effects that participants would carry from earlier
35

tests. However, it was considered that such a design would be unrealistic as it is unlikely that
during real hurricane conditions, a driver would experience such drastic wind force changes.
Every hurricane category (HC) cycle (75-second cycle) had two wind force combinations
randomly selected from the table frames together with their gusts. Also, at the middle of the
cycle, a mandatory 90°-wind force and its gust were randomly selected for direction (from the
left or from the right) and applied to the vehicle to test the worst possible case. Combinations of
forces were separated by 5 seconds of normal condition. The experiment was repeated with the
next vehicle type until all three were driven.
The final part consisted of answering a short questionnaire. Questions included personal
detailed information such as age, gender and driving experience. Other information obtained
included qualitative assessment of participant’s experience during the experiment. The questions
were designed so as to obtain subjective details of participants’ assessment of the level of realism
that the driving simulator replicated the various vehicle types. A full text version of the
questionnaire used in the main experiment can be found in Appendix D.

3.7 Data Acquisition
With a sampling rate of 60 Hz (60 observations per second), the output file generated by
SimObserver for each experimental condition contained the corresponding video clip and data on
time, heading error, engine RPM, and trajectory offset that were used to analyze the driving
behavior of participants for both, the pilot test and the main experiment. The experimenter’s
interface, shown in Figure 4, was the interface used to run each experiment for SimObserver to
collect the corresponding data.
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The Participant ID and Drive ID were unique in determining which experimental
condition was being tested. The output “.dat” file was by default named with the Drive ID
unique number, so that it was easy to distinguish among the files. Figure 8 shows a snapshot of
the output data, comprising the synchronized video and sequential data file, for one experimental
condition during the pilot test.

Figure 8 Sample Output Data File from SimObserver
The remaining data collected for this study was obtained through participants filling out
the questionnaires shown in Appendix C and Appendix D for the pilot test and the main
experiment, respectively. Participants were asked to rate, using a Likert scale, similarities
between certain attributes of the driving simulator and the corresponding vehicle type for which
the simulator had been modified to replicate.
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3.8 Analysis of Driving Behavior
3.8.1 Pilot Test
Data were collected on two performance variables: heading error (𝛿) and engine RPM
(revolutions per minute). The heading error (𝛿) is defined as the angle in degrees between road
path and current heading. This variable gives an indication of the level of lateral control a
participant has over the vehicle. A larger heading error indicates less lateral control of the
simulator and vice versa. The engine RPM, defined as the amount of complete revolutions (360
degrees) the crankshaft of the simulator spins in one minute, gives an indication of how much
work the engine is doing.
Higher engine RPM variation indicates inconsistent driving conditions, and therefore
represents decreased longitudinal control of the vehicle. Similarly, lower engine RPM variation
indicates uniform driving conditions, and represents an increased longitudinal control.
Table 6 provides a truncated snapshot of the data collected for each drive of a participant
where XPos and YPos refer to the co-ordinates of the simulator in the simulated environment.
For each vehicle type and for each category of wind, the average estimates of the heading error
and engine RPM corresponding to each coordinate pair were calculated for all participants using
MATLAB.
The average estimates on the two performance variables were used to comparatively
analyze how the participants reacted and responded to the different wind forces and vehicle
types. No statistical tests were undertaken because of the small sample size used. More so, the
focus of the pilot test was to make preliminary observations and simple comparative analyses
were considered satisfactory.
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Table 6 Sample Data Collected for each Participant per Drive
XPos

YPos

Heading Error

Engine RPM

-9068.56

14.60745

-0.00001

500.14917

-9068.56

14.60744

-0.000015

500.259918

-9068.56

14.60743

-0.00002

500.384949

-9068.56

14.60742

-0.000026

500.497772

-9068.56

14.6074

-0.000032

500.63208

-9068.56

14.60739

-0.000039

500.751434

-9068.56

14.60738

-0.000046

500.882324

-9068.56

14.60736

-0.000054

501.015228

-9068.56

14.60735

-0.000063

501.159332

-9068.56

14.60733

-0.000072

501.285309

-9068.56

14.60731

-0.000083

501.431763

-9068.56

14.6073

-0.000093

501.569641

The resulting data for each coordinate pair can be denoted as 𝑥!"# and estimated using
the equation:

𝒙𝒄𝒂𝒋𝒎 =

𝒏
𝒊!𝟏 𝒙𝒊𝒄𝒂𝒋𝒎

(4)

𝒏

Where 𝑐 = 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒  𝑝𝑎𝑖𝑟 = [𝑋𝑃𝑜𝑠! , 𝑌𝑃𝑜𝑠! ] for 𝑘 = 1, 2, . . . , 18,300;
0,      𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  0  𝑤𝑖𝑛𝑑
1, 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  1  𝑤𝑖𝑛𝑑
2, 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  2  𝑤𝑖𝑛𝑑
𝑎 =   𝑤𝑖𝑛𝑑  𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 =
;
3, 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  3  𝑤𝑖𝑛𝑑
4, 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  4  𝑤𝑖𝑛𝑑
5, 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦  5  𝑤𝑖𝑛𝑑
𝑖 = 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡𝑠 = 1, . . . , 𝑛 for 𝑛 =

𝑗 = 𝑝𝑒𝑟𝑓𝑟𝑜𝑚𝑎𝑛𝑐𝑒  𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 =   

4,      𝑓𝑜𝑟  𝑎 = 0
;
2, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

1,      𝑓𝑜𝑟  𝐻𝑒𝑎𝑑𝑖𝑛𝑔  𝑒𝑟𝑟𝑜𝑟
  ;
2,              𝑓𝑜𝑟  𝐸𝑛𝑔𝑖𝑛𝑒  𝑅𝑃𝑀
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1,                𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟  𝑐𝑎𝑟
2,                              𝑎𝑚𝑏𝑢𝑙𝑎𝑛𝑐𝑒
And 𝑚 =   𝑣𝑒ℎ𝑖𝑐𝑙𝑒  𝑡𝑦𝑝𝑒 =
3,                                                            𝑏𝑢𝑠
4, 𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙  𝑡𝑟𝑢𝑐𝑘
3.8.2 Lessons Learned
No obvious patterns were identified across all the vehicle types for engine RPM during
the pilot test so it was decided not to use the engine RPM as a performance measure during the
main experiment. Further explanation is given in the Discussion of Results section. However, a
new performance measure (lateral displacement) was included in the main experiment to provide
a better understanding and a possible quantification of the driving behavior under hurricane wind
forces.
3.8.3 Experiment
The two performance variables studied in the main experiment were the heading error (𝛿)
and lateral displacement (𝛼). As mentioned before, the heading error (𝛿) is defined as the angle
in degrees between road path and current heading and gives an indication of the level of lateral
control a participant has over the vehicle. At any time 𝑡, the lateral displacement (𝛼) is defined
as the difference in the trajectory offset (𝜖) caused by a change in the lateral force (∆𝐹! ) applied
to the vehicle. The initial position (𝜖! ) was considered as the trajectory offset when the ∆𝐹! was
applied and the final position (𝜖! ) was the last trajectory offset before the driver reacted for
trajectory correction as shown in Figure 9.
𝜶 𝒕 = 𝝐𝟐 𝒕 − 𝝐𝟏 (𝒕)

(5)

Figure 9 shows the trajectory offset (m) and applied wind forces (N) for one of the
participants driving the passenger car during the first 150-seconds. During the first 50 seconds,
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no wind forces are applied and the trajectory offset is lower than 0.5 m. The first wind force hits
the vehicle at 50 seconds of simulation when the vehicle has a trajectory offset of (𝜖! ). As the
vehicle is displaced, the driver tries to compensate for trajectory at trajectory offset (𝜖! ).

Figure 9 Trajectory Offset and Wind Force for One Participant
For each vehicle type and for each hurricane category, the absolute maximum value of 𝛿
and 𝛼 corresponding to each ∆𝐹! was calculated for all participants using EXCEL MACROS and
analyzed for differences among vehicle types and wind conditions. The EXCEL MACRO used
for the passenger car under hurricane category 2 conditions is shown in Appendix E. The
absolute maximum values were used since the comparison was based on magnitude rather than
direction.
Hurricane categories (HC) 4 and 5 wind conditions were not included since all
participants lost control of the vehicle at HC4 and therefore the experiment could not progress to
test HC5 conditions. The statistical model used included vehicle type (CAR, AMB, and BUS),
wind condition (NOWIND, HC1, HC2, and HC3) and their interactions as fixed effects.
Participants were considered as the experimental unit for both analyses, 𝛿 and 𝛼. Variables were
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analyzed using the MIXED procedure of SAS with mean separation conducted using TukeyKramer (alpha = 0.05). Values reported are least square means of the absolute maximum values
of 𝛿 and 𝛼 per vehicle type and wind condition.
The objective for this comparison was to determine if the driving behavior of participants
varied with the effect of different wind loadings and different vehicle types. This would also
help determine whether the dynamics of the LSU driving simulator were successfully modified
to behave as the different vehicle types. Future research should take validation into
consideration. Replicating the results of the vehicles driving in a wind tunnel would possibly be
the best approach. However, those resources were not available within the budget and the scope
of the study.

3.9 Regression Model
While analyzing the driving behavior in the main experiment, a direct relationship
between 𝛼 and ∆𝐹! was detected, as it can also be seen in Figure 9. This same situation was also
noticed for 𝛿. Thus, a regression model was run for both variables (𝛿 and 𝛼) for the three
vehicle types (CAR, AMB, and BUS) with ∆𝐹! as the explanatory variable. Both, 𝛿 and 𝛼
caused by every ∆𝐹! , were collected for every participant starting from “wind-free” conditions
until they lost control over the vehicle. The data was analyzed using the Linear Regression
procedure of SAS Enterprise Guide 4.3.

3.10 Subjective Analysis of Vehicle Type
The objective of this analysis was to determine whether participants were able to identify
the different vehicle types for both, the pilot test and the main experiment, just by driving the
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LSU driving simulator after its components had been modified to replicate the different vehicles.
The aforementioned questionnaire was used to ask participants which vehicle was most
demanding, if the simulator drove like their expectation of the actual vehicle, if the pedals felt as
expected in those vehicles, if the eye level in relation to the road surface was as they would
expect it to be, and if they felt safe while driving each vehicle type. Participants also had the
opportunity to add comments at the end of the questionnaire. For the pilot test, participants rated
their answers on a 5-point Likert scale consisting of “very much, somewhat, undecided, not
really, and not at all”. The phrasing of the questions was changed for the main experiment and a
different 5-point Likert scale was used. This was considered more appropriate for the analysis of
results. The scale used for the main experiment consisted of “strongly agree, agree, neither,
disagree, and strongly disagree”. The full questionnaire used for the pilot test and the main
experiment are given in Appendix C and Appendix D, respectively.
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CHAPTER 4. DISCUSSION OF RESULTS
This chapter explains in detail the results found for the effect of wind loadings and
vehicle type on driving behavior for both, the pilot test and the main experiment. In addition, the
chapter describes the regression models developed for the heading error and the lateral
displacement for every vehicle type with relevant examples. In the last part, the chapter the
participants’ responses for both, the pilot test and the main experiment are explained.

4.1 Effect of Wind Loadings and Vehicle Type on Driving Behavior
4.1.1 Pilot Test
4.1.1.1 Heading Error (𝛅)
Using the data collected by SimObserver, Figure 10 shows the variation of heading error
(𝛿) over distance travelled, averaged for all participants, and for each vehicle type. For the
passenger car, it can be seen that 𝛿 for “wind-free” conditions (Category 0) through hurricane
category 3 conditions was fairly constant, indicating all participants had good lateral control of
the vehicle at these wind force magnitudes. During hurricane category 4 conditions however,
participants struggled to maintain lateral control over the vehicle at specific sections of the route
where they were subjected to wind gusts, as can be seen by the intermittent spikes in Figure 10.
During hurricane category 5 conditions, participants began struggling to maintain lateral control
right from the onset and finally lost control over the vehicle at a distance of about 4,500 meters
from the starting point.
Similar observations were made for the ambulance but because of its relatively lighter
weight, participants began struggling for control from hurricane category 3 conditions. For the
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bus, similar observations were made for “wind-free” conditions (categories 0) to hurricane
category 3 conditions except that unlike the ambulance, participants were able to maintain lateral
control over the vehicle during hurricane category 3 conditions. This observation was not
expected as it was anticipated that participants would find it more difficult to maintain lateral
control over the heavier vehicle types. Again, participants struggled with hurricane categories 4
and 5 winds.
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Figure 10 Variation of Heading Error with Different Wind Forces
For the truck, as expected, participants struggled to maintain lateral control with all wind
categories with the exception of “wind-free” conditions (category 0) where there were no winds
present. This is because the truck was the heaviest and its surface area meant it was exposed to
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more wind forces, making it very difficult for participants to maintain lateral control in as low
wind forces as in hurricane category 1 conditions. Results from the plots are intuitive, in that the
heavier larger the vehicle and the bigger the surface area exposed to winds, the more difficult it
will be to maintain lateral control. It was expected that participants’ driving would remain
unaffected during low wind forces but would become evident during high winds when the
vehicle loadings would significantly affect driving performance.
Figure 11 shows the plot of 𝛿 for each vehicle type, averaged for all participants for the
different wind categories. It can be observed that 𝛿 for all vehicle types during the base
condition was similar when there were no wind forces.
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Figure 11 Variation of Heading Error with Different Vehicle Types
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For hurricane category 1 winds, it can be observed that participants struggled to control
the truck, which was heavier and therefore more difficult to control. For the rest of the wind
categories, participants lost control over the truck at the very early stages, and it can be seen that
participants struggled to control the vehicle as it got heavier. This is shown by the higher
variation in 𝛿 for the remaining vehicle types; more so, even the passenger car became difficult
to control from hurricane category 4 winds and the ambulance from hurricane category 3 winds.
4.1.1.2 Engine RPM
Figure 12 shows the engine RPM observed for each vehicle type under all wind
conditions.

Figure 12 Variation of Engine RPM with Different Wind Forces
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The engine RPM was used as an indicator of longitudinal control with higher variations
indicating decreased longitudinal control. No obvious patterns were identified across all the
vehicle types except engine RPM at hurricane category 4 conditions, which seemed to vary a lot
for all conditions. One explanation for this is participants were observed to alter their driving
behavior when the wind forces were propelling them forward or backward. Some attempted to
control the vehicle by using the brakes, while some just took their foot off the gas and brake
pedals and just allowed the vehicle to propel forward or backward, while losing total longitudinal
control. It was decided not to use the engine RPM because of the earlier observation.
4.1.2 Experiment
4.1.2.1 Heading Error (𝛅) / Trajectory Offset (𝝐)
Using the data collected by SimObserver, Figure 13 and Figure 14 show the variation of
𝛿 and 𝜖 over time for a typical participant driving the passenger car. The behavior depicted in
both figures was consistent for all other participants. It can be seen that both, 𝛿 and 𝜖, were
fairly constant for the normal conditions, indicating all participants had good lateral control of
the vehicle without wind forces. However, the participants struggled to maintain lateral control
over the vehicle when they were subjected to sustained winds and wind gusts, as it can be seen
by the intermittent spikes in both charts.
As hurricane category increased, participants began struggling to maintain lateral control
reflecting more and sharper spikes in both charts. Finally, participants lost control over the
vehicle under hurricane category 4 (HC4) conditions and the simulation was stopped. Also,
within every hurricane category, the greatest spikes occurred right after a change in the lateral
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force was applied, with the biggest spike happening when the wind approached the vehicle in a
90°-angle.

Figure 13 Complete Heading Error (degrees) Sequence for One Participant

Figure 14 Complete Trajectory Offset (m) Sequence for One Participant
Similar observations were found for the ambulance and the bus, but because of
differences in weight and lateral area, the spikes on the charts of 𝛿 and 𝛼 were greater for both
the ambulance and the bus than those for the car. These results were evident in the SAS analysis
of 𝛿 among vehicle types and wind conditions as shown in Table 7.
Although 𝛿 was significantly different (P < 0.0001) among vehicle types, the ambulance
had the greatest 𝛿 probably because of the large lateral area (16.72 m2) but lower weight (4,545
kg) compared to the bus (43.63 m2 and 15,909 kg, respectively). In addition, 𝛿 increased as the
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wind speed increased. However, although 𝛿 was significantly different (P < 0.0001) among
wind conditions, 𝛿 increased more than 4 times from “wind-free” (NOWIND) to hurricane
category 1 (HC1) conditions.
Table 7 Least Square Means of the Absolute Maximum Values of δ
Heading Error (𝜹)
Type 3 Tests of Fixed Effects
Effect

Num DF

Den DF

F Value

Pr > F

W

3

305

412.75

<.0001

V

2

305

84.75

<.0001

W*V

6

305

19.85

<.0001

Wind

Estimate

Standard Error

Lower Value

Upper Value

Letter Group

HC3

29.1

0.6

28.0

30.2

A

HC2

19.3

0.5

18.2

20.3

B

HC1

13.9

0.5

12.9

14.9

C

NOWIND

3.2

0.5

2.2

4.2

D

Vehicle

Estimate

Standard Error

Lower Value

Upper Value

Letter Group

AMB

21.2

0.5

20.3

22.1

A

BUS

14.9

0.4

14.1

15.8

B

CAR

13.0

0.5

12.1

13.9

C

4.1.2.2 Lateral Displacement (𝛂)
Lateral displacement (𝛼) was calculated to have a better representation of the effect of
wind loadings in the lateral movement of the vehicle. It was noticed in the trajectory charts that
the greatest spikes occurred right after a change in lateral force. Similar to 𝛿, 𝛼 was significantly
different (P < 0.0001) among vehicle types as shown in Table 8. The greatest 𝛼 occurred for the
ambulance (1.72 m) probably for the same reason explained for 𝛿. Also, the table shows how 𝛼
increased as the hurricane category increased and 𝛼 was significantly different (P < 0.0001)
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among all wind conditions. However, 𝛼 increased almost 3 times from “wind-free” (NOWIND)
conditions (0.5m) to HC1 (1.42m) conditions.
Table 8 Least Square Means of the Absolute Maximum Values of α
Lateral Displacement (𝜶)
Type 3 Tests of Fixed Effects
Effect

Num DF

Den DF

F Value

Pr > F

Wind

3

298

277.4

<.0001

Vehicle

2

298

28.43

<.0001

W*V

6

298

3.8

0.0012

Wind

Estimate

Standard Error

Lower Value

Upper Value

Letter Group

HC3

2.33

0.05

2.24

2.43

A

HC2

1.87

0.05

1.78

1.97

B

HC1

1.42

0.05

1.33

1.51

C

NOWIND

0.50

0.05

0.41

0.59

D

Vehicle

Estimate

Standard Error

Lower Value

Upper Value

Letter Group

AMB

1.72

0.04

1.64

1.81

A

BUS

1.58

0.04

1.50

1.66

B

CAR

1.30

0.04

1.22

1.37

C

Table 9 presents the interaction effects of the wind condition and vehicle type (W*V) for
𝛼. No significant differences (P > 0.05) among vehicle types under “wind-free” (NOWIND)
conditions were found (mean group “G”). However, the groups became different when the wind
loadings started. On an average highway (lane width = 3.7 m), a passenger car with the
dimensions used in this study would have approximately 0.55 m of lateral displacement before
getting out of its lane. However, 𝛼 for the passenger car under hurricane category 1 conditions
(CAR*HC1) was 1.03 m, which would put the car out of its lane under such wind conditions. In
addition, since both, the lateral area and the 𝛼 values were greater for both, the ambulance and
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the bus, than those for the passenger car, those two vehicles would also deviate from their lanes
under hurricane category 1 winds.
Table 9 Least Square Means of the Absolute Maximum Values of α (Wind*Vehicle)
Wind

Vehicle

Estimate

Standard
Error

Lower
Value

Upper
Value

Letter
Group

NOWIND

CAR

0.44

0.08

0.29

0.59

G

NOWIND

AMB

0.48

0.08

0.32

0.64

G

NOWIND

BUS

0.58

0.08

0.43

0.74

G

HC1

CAR

1.03

0.08

0.88

1.18

F

HC1

AMB

1.76

0.08

1.60

1.93

CDE

HC1

BUS

1.48

0.08

1.31

1.64

E

HC2

CAR

1.55

0.08

1.40

1.70

DE

HC2

AMB

2.16

0.09

1.98

2.34

ABC

HC2

BUS

1.91

0.09

1.74

2.08

BCD

HC3

CAR

2.16

0.08

1.99

2.33

AB

HC3

AMB

2.48

0.09

2.31

2.66

A

HC3

BUS

2.36

0.08

2.20

2.51

A

These results (𝛿 and 𝛼) may prove that the dynamics of the driving simulator were
successfully changed because of the differences in driving behavior observed. Also, the results
show that driving under hurricane winds and wind gusts could significantly affect the driving
behavior, causing partial or total loss of control over the vehicle that jeopardizes the safety of the
driver and the surrounding vehicles.

4.2 Regression Models
The data collected for 𝛿 and 𝛼 caused by every change in the lateral force for every
participant was plotted showing a linear relationship. The linear relationship for 𝛿 was negative
while that for 𝛼 was positive. That happened because 𝛿 was considered positive when turning to
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the right while the trajectory offset was negative when moving to the right. Also, as mentioned
before, the lateral forces were considered positive when the direction was to the left.
4.2.1 Heading Error (𝜹)
A linear regression was run for every vehicle type as described in the models below:
𝜹𝒄𝒂𝒓 = 0.27 – 0.0015*∆𝑭𝒙                     𝑹𝟐 = 0.91

(6)

𝜹𝒂𝒎𝒃 = 0.96 – 0.00088*∆𝑭𝒙

𝑹𝟐 = 0.88

(7)

𝜹𝒃𝒖𝒔 = -0.13 – 0.00019*∆𝑭𝒙

𝑹𝟐 = 0.86

(8)

These models could be useful to estimate 𝛿 for each vehicle type under the circumstances
described in this study. For example, the passenger car would expect a ∆𝐹! = 3490 N from a
wind speed of 22 m/s (hurricane category 1 winds at 1m of elevation) approaching the vehicle at
a 90°-angle. According to the model, this ∆𝐹! would produce a 𝛿 = -5.0°, which means that the
driver would head 5.0° to the left from the road. On the other hand, this same wind speed,
approaching the ambulance and the bus at the same angle, would produce ∆𝐹! of 11702 and
27987 N and 𝛿 of -9.3° and -5.5° for the ambulance and the bus, respectively. As mentioned
before, the ambulance was found to have greater 𝛿 than the bus. This was attributed to the large
lateral area but lighter weight compared to the bus.
4.2.2 Lateral Displacement (𝜶)
In the same way, a linear model was determined for 𝛼 for every vehicle type as described
below:
𝑹𝟐 = 0.85

(9)

𝜶𝒂𝒎𝒃 = 0.008 + 0.00006*∆𝑭𝒙                 𝑹𝟐 = 0.88

(10)

𝜶𝒄𝒂𝒓 = -0.005 + 0.00014*∆𝑭𝒙
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𝜶𝒃𝒖𝒔 = 0.0388 + 0.00002*∆𝑭𝒙

𝑹𝟐 = 0.86

(11)

For the same wind speed and ∆𝐹! of the previous example, the passenger car would
expect a 𝛼 of 0.50 m from the initial position, while that for the ambulance and the bus would be
0.71 and 0.60 m, respectively. Again, 𝛼 for the ambulance is greater for the reasons previously
explained.
For both 𝛼 and 𝛿, this example is not necessarily the worst-case scenario. The wind speed used
was the sustained wind and not the gust for that sustained wind. Although the transition from
sustained wind to gust wind would represent a lower ∆𝐹! , the transition from the gust wind to a
period of “wind-free” or vice versa would represent a greater ∆𝐹! resulting in greater values of 𝛿
and 𝛼. This situation was experienced by the participants and reflected in the SAS analysis
where the values used were the maximum absolute values of 𝛿 and 𝛼.

4.3 Response to Questionnaire
Participants responded to questions designed to investigate if the dynamics of the driving
simulator were successfully changed to make it behave like the different vehicle types tested.
Since similar results were found for both, the pilot test and the main experiment, this section will
focus on the main experiment only. However, results from the pilot test are presented in Table
10.
All participants, apart from four, had no prior experience of driving any of the vehicle
types other than the pedestrian car. The exceptions were two that had additional experience of
driving an ambulance and another two that had experience driving a bus. For the majority of the
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participants, opinions were based on their subjective expectations of how the various vehicle
types should behave.
Table 10 Summary of Participants’ Responses to Pilot Test Questionnaire
Which	
  of	
  these	
  vehicle	
  type	
  have	
  you	
  ever	
  driven?	
  	
  

Which	
  vehicle	
  type	
  did	
  you	
  perceive	
  to	
  be	
  most	
  
demanding?

How	
  realistic	
  did	
  the	
  vehicle	
  type	
  feel?

Passenger	
  Car Ambulance
14

Bus

Truck
1

Passenger	
  Car Ambulance

Bus
3

Truck
11
Not	
  Really

Very	
  Much
9
7
3
8

Somewhat
5
4
10
4

Undecided

Passenger	
  Car
Ambulance
Bus
Truck

1

1

Did	
  the	
  pedals	
  (brakes	
  and	
  gas)	
  feel	
  real?
Passenger	
  Car
Ambulance
Bus
Truck

Very	
  Much
10
2
4
7

Somewhat
4
11
8
4

Undecided

Not	
  Really

Not	
  at	
  All

1
1

1

2

Was	
  your	
  eye	
  level	
  in	
  relation	
  to	
  the	
  road	
  surface	
  what	
  
you	
  would	
  expect	
  for	
  every	
  vehicle	
  type	
  you	
  drove?	
  
Passenger	
  Car
Ambulance
Bus
Truck

Very	
  Much
13
11
12
12

Somewhat
1
2
2
2

Undecided

Not	
  Really

Not	
  at	
  All

Very	
  Much
7
2
1

Somewhat
5
4
5
4

Undecided

Not	
  Really

3
2

2
3
4

Not	
  at	
  All
2
3
3
6

How	
  safe	
  did	
  you	
  feel	
  while	
  driving?
Passenger	
  Car
Ambulance
Bus
Truck

Not	
  at	
  All

3
1

1

1

Sixteen out of the thirty participants perceived driving the bus to be the most demanding
task. Six said it was the ambulance while surprisingly eight thought it was the passenger car that
required most effort. As it had been observed in earlier analyses, this could be attributed to the
reason that the vehicle type effect on driving behavior was more evident at stronger wind
conditions.
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When participants were asked if the simulator drove like their expectation of the actual
vehicle, for those that opinioned, 97% agreed for the passenger car, 88% felt the same about the
ambulance, and 96% felt the same about the bus. When participants were asked if the pedals felt
as expected in those vehicles, for those that had an opinion, 89% agreed for the passenger car,
100% for the ambulance, and 100% for the bus. When participants were asked if the eye level in
relation to the road surface was as they would expect it to be, of those that had an opinion, 97%
agreed for the passenger car and for the ambulance, and 100% felt the same for the bus.
However, there were mixed observations when participants were asked if they felt safe while
driving the vehicle type. Opinions were different for the passenger car than those for the
ambulance and the bus. For those that expressed their opinion, 83% agreed to feeling safe while
driving the passenger car. However, opinions were divided for both, the ambulance and the bus
and the majority of the participants that expressed an opinion disagreed to having felt safe while
driving those vehicles (52% and 57% for the ambulance and the bus, respectively). This
represents that participants felt more unsafe as the vehicle type got heavier. This also proves that
participants generally found it more tasking to control the heavier vehicle types. Yet again, these
results show that the dynamics of the driving simulator were successfully changed to represent
various vehicle types of different geometry, weight and performance.
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CHAPTER 5. SUMMARY AND CONCLUSIONS
This study was designed to lay a foundation for modeling driving behavior and vehicle
performance as an assessment tool in the decision making process for planning evacuation routes
during hurricane and tropical storms. The study explored the potential of utilizing a driving
simulator to reproduce the wind loadings experienced by different vehicle types during gusty
hurricane wind conditions. The research was exploratory in nature and presented a test of a
novel idea since this was the first time a driving simulator facility was considered in such
research application.
In order to achieve the study objectives, a literature review on hurricane winds was
conducted to identify similar patterns of wind forces and approach angles, and the effective
forces on the different vehicle types. These winds were converted to two-dimensional wind
forces using simple trigonometric functions. A pilot study was initially conducted to gather
information prior to the experimental set-up, test the ease of data collection and adequacy of the
questionnaire in providing relevant information, as well as undertake a preliminary data analysis
of the results. Six wind conditions, consisting of a “wind-free” condition and hurricane wind
conditions from category 1 to 5, were tested on four vehicle types: a passenger car, an
ambulance, a bus and an 18-wheeler truck.
The LSU driving simulator software was modified to generate two-dimensional wind
forces for each experimental condition. Sixteen participants were selected to test the effect of
wind loadings on their driving behavior under different wind force conditions. Heading error
and engine RPM were initially selected as driving performance measures. However, the
preliminary analysis of the pilot study results showed that the engine RPM did not provide
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additional information on driving behavior, and therefore, the engine RPM was deselected and
replaced with the lateral displacement measure, which is believed to better reflect the effect of
the lateral wind forces. The pilot study also showed that the participants struggled to maintain
control of the 18-wheeler truck vehicle type even under hurricane category 1 conditions.
Therefore, this vehicle type was no longer considered in the main experiment. The redesign of
the experiment resulted in a 15-minute timesaving for the duration of the experiment.
For the main experiment, only three vehicle types were used (the passenger car, the
ambulance and the bus) and five wind conditions were tested consisting of “wind-free” condition
and hurricane wind conditions from category 1 to 4. Hurricane category 5 was not tested
because all participants lost control of the vehicle at hurricane category 4 conditions so the
experiment ended before reaching category 5.
A total of 31 participants were tested in the modified LSU driving simulator to analyze
the effect of the different wind forces and vehicle types on their driving behavior. Heading error
and lateral displacement were the two performance measures used for the data analysis. The
results were also used to develop regression models for the mathematical relationship between
the change in the lateral force induced by wind and both heading error and lateral displacement
for each of the three vehicle types. Subjective analysis in the form of a questionnaire was also
conducted on the participants to determine their perception of the driving experience with the
simulator for the different vehicle types.
A comparative analysis of the effect of wind loadings and vehicle type on driving
behavior showed that both heading error and lateral displacement for “wind-free” conditions
were fairly low and not significantly different (P > 0.05) among vehicle types. This indicates
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that all participants had good lateral control under “wind-free” driving conditions. As the
hurricane category and wind speed increased, participants struggled to maintain lateral control
until they completely lost control when the wind conditions reached hurricane category 4.
Both heading error and lateral displacement increased as the hurricane categories
increased and they were significantly different (P < 0.0001) among all wind conditions. For
each hurricane category, the greatest heading error and lateral displacements were observed right
after a change in lateral force was applied, with the maximum values recorded when the force
changed from a gust wind approaching the vehicle in a 90°-angle to a “wind-free” condition.
Similar behavior in terms of heading error and lateral displacement was found for the
three vehicle types although their magnitudes were significantly different (P < 0.0001). The
greatest values of heading error and lateral displacement were associated with the ambulance due
to its relatively large exposure area to wind and light weight. On the other hand, the lowest
heading error and lateral displacement were associated with the passenger car. The magnitude of
heading error increased more than 4 times from “wind-free” to hurricane category 1 conditions,
while lateral displacement increased almost 3 times. Under hurricane category 1 conditions, the
corresponding maximum values of lateral displacement observed for the three vehicle types
indicate loss of control and complete lane departure of all vehicle types in real world situations.
This confirms the danger of driving under any hurricane winds and wind gusts regardless of the
vehicle type.
The results also indicated a strong linear relationship between the change in lateral force
and both performance measures. Linear models were thus developed to estimate the heading
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error and lateral displacement experienced by each vehicle type under different wind forces
arising from hurricane conditions.
Analysis of answers to the questionnaire revealed that participants were able to
experience in the simulator the different vehicle characteristics expected of the three vehicle
types. While the majority of drivers had no prior experience of driving vehicle types other than a
passenger car, nearly 88% of the participants agreed their driving experience is very close to
what they would expect in such vehicle type. It is recommended, however, that further
experiments be considered using a sample of participants with prior experience of driving the
various vehicle types. Overall, the questionnaire results agreed with previous research findings in
that drivers found it more difficult to control the heavier vehicles in high winds.
The specific objective of the study was to modify the parameters of a driving simulator to
behave similar to different vehicle types so that the driving behavior could be analyzed and
quantified. Based on participants’ response, the simulator can model different vehicle types
since participants felt the different characteristics when driving each type. In addition, valuable
mathematical models were proposed to estimate and quantify driving behavior measures
including heading error and lateral displacement. The findings of this study open the window for
future investigation of driving behavior under hurricane conditions using a driving simulator,
which could be significant to decide when evacuation routes need to be closed during hurricanes
and tropical storms.
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APPENDIX A: TABLE FRAME FOR A BUS UNDER HURRICANE
CATEGORY 2 CONDITIONS
Hurricane	
  Category	
  2
Wind
Gust
Angle
Y	
  Force	
  (N) X	
  Force	
  (N) Y	
  Force	
  (N) X	
  Force	
  (N)

Number

Wind	
  
Speed	
  
(m/s)

1

29

0

8925.81

0.00

15084.61

0.00

2

29

15

8621.67

12190.58

14570.62

20602.09

3

29

30

7729.98

23550.40

13063.66

39800.18

4

29

45

6311.50

33305.29

10666.43

56285.95

5

29

60

4462.90

40790.49

7542.31

68935.93

6

29

75

2310.17

45495.88

3904.19

76888.03

7

29

90

0.00

47100.80

0.00

79600.35

8

29

105

-‐2 310.17

45495.88

-‐3 904.19

76888.03

9

29

120

-‐4 462.90

40790.49

-‐7 542.31

68935.93

10

29

135

-‐6 311.50

33305.29

-‐1 0666.43

56285.95

11

29

150

-‐7 729.98

23550.40

-‐1 3063.66

39800.18

12

29

165

-‐8 621.67

12190.58

-‐1 4570.62

20602.09

13

29

180

-‐8 925.81

0.00

-‐1 5084.61

0.00

14

29

195

-‐8 621.67

-‐1 2190.58

-‐1 4570.62

-‐2 0602.09

15

29

210

-‐7 729.98

-‐2 3550.40

-‐1 3063.66

-‐3 9800.18

16

29

225

-‐6 311.50

-‐3 3305.29

-‐1 0666.43

-‐5 6285.95

17

29

240

-‐4 462.90

-‐4 0790.49

-‐7 542.31

-‐6 8935.93

18

29

255

-‐2 310.17

-‐4 5495.88

-‐3 904.19

-‐7 6888.03

19

29

270

0.00

-‐4 7100.80

0.00

-‐7 9600.35

20

29

285

2310.17

-‐4 5495.88

3904.19

-‐7 6888.03

21

29

300

4462.90

-‐4 0790.49

7542.31

-‐6 8935.93

22

29

315

6311.50

-‐3 3305.29

10666.43

-‐5 6285.95

23

29

330

7729.98

-‐2 3550.40

13063.66

-‐3 9800.18

24

29

345

8621.67

-‐1 2190.58

14570.62

-‐2 0602.09

25

31

0

10374.94

0.00

17533.65

0.00

26

31

15

10021.43

14169.77

16936.21

23946.91

27

31

30

8984.96

27373.89

15184.59

46261.87

28

31

45

7336.19

38712.53

12398.17

65424.17

29

31

60

5187.47

47412.97

8766.83

80127.92

30

31

75

2685.23

52882.29

4538.04

89371.08

31

31

90

0.00

54747.78

0.00

92523.75

32

31

105

-‐2 685.23

52882.29

-‐4 538.04

89371.08

33

31

120

-‐5 187.47

47412.97

-‐8 766.83

80127.92

34

31

135

-‐7 336.19

38712.53

-‐1 2398.17

65424.17

35

31

150

-‐8 984.96

27373.89

-‐1 5184.59

46261.87

36

31

165

-‐1 0021.43

14169.77

-‐1 6936.21

23946.91

37

31

180

-‐1 0374.94

0.00

-‐1 7533.65

0.00

38

31

195

-‐1 0021.43

-‐1 4169.77

-‐1 6936.21

-‐2 3946.91

39

31

210

-‐8 984.96

-‐2 7373.89

-‐1 5184.59

-‐4 6261.87

40

31

225

-‐7 336.19

-‐3 8712.53

-‐1 2398.17

-‐6 5424.17

41

31

240

-‐5 187.47

-‐4 7412.97

-‐8 766.83

-‐8 0127.92

42

31

255

-‐2 685.23

-‐5 2882.29

-‐4 538.04

-‐8 9371.08

43

31

270

0.00

-‐5 4747.78

0.00

-‐9 2523.75

44

31

285

2685.23

-‐5 2882.29

4538.04

-‐8 9371.08

45

31

300

5187.47

-‐4 7412.97

8766.83

-‐8 0127.92

46

31

315

7336.19

-‐3 8712.53

12398.17

-‐6 5424.17

47

31

330

8984.96

-‐2 7373.89

15184.59

-‐4 6261.87

48

31

345

10021.43

-‐1 4169.77

16936.21

-‐2 3946.91
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APPENDIX B: CONSENT FORM
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APPENDIX C: PILOT TEST QUESTIONNAIRE
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APPENDIX D: MAIN EXPERIMENT QUESTIONNAIRE
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APPENDIX E: EXCEL MACRO FOR ABSOLUTE MAXIMUM VALUES
OF 𝜹 AND 𝜶 FOR EACH ∆𝑭𝒙 UNDER HURRICANE CATEGORY ONE
CONDITIONS
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